1. Introduction {#sec1}
===============

Techniques involving solid supports play crucial roles in the development of genomics, proteomics, and in molecular biology. However, solid-phase tools have been employed to a much lesser extent in glycobiology and glycomics \[[@B1]\]. There are a number of "classical" methods for immobilization of mono- and oligosaccharides to commercially available matrices and supports. These methods have, for example, been used for the preparation of affinity columns with specific ligands \[[@B1]\]. Increased attention has been given to the development and application of magnetic separation techniques, which employ small magnetic particles. Antibodies, DNA/RNA/oligonucleotide/aptamer binding proteins, albumin, hemoglobin, and enzymes have been purified by magnetic techniques \[[@B2]\].

In our laboratory Fe~3~O~4~ magnetite particles prepared by coprecipitating Fe~2~^+^ and Fe~3~^+^ with either Dacron or a network of polysiloxane-polyvinyl alcohol have been synthesized \[[@B3]--[@B6]\]. Here, magnetic particles containing levan, a homopolysaccharide of fructose residues in 2, 6-glycosidic linkage, are proposed to purify lectins. The latter glycoproteins and/or oligomeric proteins are found in a diverse assortment of organisms and have the extraordinary property of binding specifically, reversibly, and noncovalently to carbohydrates \[[@B7]\]. Lectin-carbohydrate interactions are extensively studied in different scientific disciplines, from basic to applied natural and clinical sciences. Such inter- and multidisciplinarity corroborates the importance to develop new methodologies for the study of lectin-saccharide interactions and the potential applications in clinical diagnostics \[[@B8]\].

In the present work a composite of the carbohydrate levan and magnetite was easily synthesized and recovered by a magnetic field. Lectins complexed specifically to the composite were separated from other contaminant proteins by washing with a high ionic strength solution and obtained from composite with specific monosaccharide. Finally, these proteins were collected from supernatant and the composite reused. The washing procedures were facilitated by the magnetic field and all process can be automated. The seed lectins from *Cratylia mollis* (Camaratu bean), Cramoll \[[@B9], [@B10]\] and *Canavalia ensiformis* (Con A) were used as models. Con A and potato lectin from *Solanum tuberosum* have already been purified by magnetic techniques using dextran \[[@B11]\] and chitosan \[[@B12]\] as ligands, respectively.

The aim of this work was to evaluate the use of *Zimomonas mobilis* levans insolubilized and ferromagnetized (FMZAG-12L), to purify fructose/specific lectins using lectin preparations of *C. mollis* seeds.

2. Material and Methods {#sec2}
=======================

2.1. General Methods {#sec2.1}
--------------------

Cramoll 1, 4 and Cramoll 1 were obtained through a previously established protocol \[[@B10]\] from a *C. mollis* seed extract (10%, w/v) that was ammonium sulfate fractionated; fraction (F) 40 to 60% saturated (F40--60) was affinity chromatographed in Sephadex G-75 (Cramoll 1, 4) followed by ion exchange chromatography in CM-cellulose (Cramoll 1 and Cramoll 4). Cramoll 3 was also obtained from the above mentioned seed extract through a previously described protocol \[[@B10]\]; the 0 to 40% ammonium sulfate fraction (F0--40) was molecular exclusion chromatographed in Sephadex G-100. Con A was purchased from SIGMA (USA). Levan (L) was produced by *Zimomonas mobilis* strain ZAG-12 (Departamento de Antibióticos, Universidade Federal de Pernambuco, Brazil) and abbreviated from now on as ZAG-12L. All other chemical reagents used were of analytical grade.

2.2. Ferromagnetic Levan Particles Synthesis {#sec2.2}
--------------------------------------------

The composite synthesis was based on the technique described by Carneiro Leão et al. \[[@B3]\], as briefly described. A solution containing Fe^3+^ and Fe^2+^ ions in a molar ratio of 1.1 M : 0.6 M was prepared from FeCl~3~·6H~2~O and FeCl~2~·4H~2~O in distilled water; 50 mL of 2% ZAG-12L in distilled water was then added and the pH was raised to 11.0 by adding drop wise 1 M NH~4~OH. Mixture was then heated up to 85 ± 3°C and incubated for 30 minutes with vigorous stirring. The ferromagnetic levan obtained (FMZAG-12L) was centrifuged 5 times to remove solid material. The product was dried for 24 hours at 50°C, ground and kept at room temperature. Magnetic particles were prepared in the presence of polysaccharide levan. Aqueous suspensions of magnetic particles were prepared by coprecipitation of Fe (III) and Fe (II) in the presence of NH~4~OH and polymer.

2.3. Protein Determination {#sec2.3}
--------------------------

The protein content was carried out by Lowry et al. \[[@B13]\] using bovine serum albumin as standard, at a range of 0--500 *μ*g/mL and absorbance reading at 720 nm. Absorbance at 280 nm was used to determine the relative concentration of eluted fractions.

2.4. Hemagglutinating Activity and Lectin Hemagglutinating Inhibition {#sec2.4}
---------------------------------------------------------------------

Lectin sample solutions (50 *μ*L) were serially 2-fold diluted in 0.15 M NaCl, in microtiter U-plates and incubated with of a 2.5% (v/v) suspension of glutaraldehyde treated erythrocytes from New Zealand white rabbit (50 *μ*L). The titer, defined as the lowest sample dilution which showed hemagglutination, was established after 45 minutes incubation according to Correia and Coelho \[[@B10]\]. Hemagglutinating activity (HA) corresponded to the reciprocal titer. The HA inhibition (HAI) was assayed by 2-fold serial dilution of lectin sample solutions (50 *μ*L) in 50 *μ*L of 200 mM levan or fructose solutions, followed by 15 minutes incubation and addition of erythrocyte suspension. The HAI titer was obtained by the HA establishment after 45 minutes.

2.5. ZAG-12L by Nuclear Magnetic Resonance Spectroscopy (NMR) {#sec2.5}
-------------------------------------------------------------

^1^H unidimensional spectra were recorded in a BRUKER DRX 400 MHz (Bruker, Germany) with a triple resonance 5-mm probe. About 1 mg of ZAG-12L was dissolved in 0.5 mL of 99.8% D~2~O. All spectra were recorded at 60°C.

2.6. Binding Evaluation of Con A, Cramoll 1, 4, Cramoll 3 and F40--60 with FMZAG-12L {#sec2.6}
------------------------------------------------------------------------------------

The lectins (1 mL) Con A, Cramoll 1, 4, Cramoll 3, and F40--60 were each incubated with FMZAG-12L particles (1 mL containing 10 mg) for 2 hours at 4°C, under constant agitation. Afterwards, the magnetic particles were recovered by a magnetic field (6 000 Oe) and supernatant was collected. The remaining unspecific bound proteins were eluted with 0.15 M NaCl (1 mL) by recovering the magnetic particles under the magnetic field and collecting the supernatant. Finally, adsorbed lectin was eluted with either 0.3 M D-glucose (Con A and Cramoll 1, 4) or D-galactose (Cramoll 3 incubation) in 0.15 M NaCl (1 mL) recovering the magnetic particles. The collected supernatants had their absorbancies at 280 nm and HA analyzed; PAGE for native and basic proteins were performed according to Reisfeld et al. \[[@B14]\].

3. Results and Discussion {#sec3}
=========================

*C. mollis* (Camaratu bean) is a native forage from the Semi-Arid Region of Pernambuco State, Northeastern of Brazil, and belongs to Fabaceae family, taxonomically related with *C. ensiformis* species from which seeds are obtained Con A. *C. mollis* seeds have been considered an important lectin source, giving multiple Cramoll molecular forms with different carbohydrate specificities: Cramoll 1, Cramoll 2, and Cramoll 4 are specific for glucose/mannose whereas Cramoll 3 is galactose specific. A preparation containing Cramoll 1 and Cramoll 4 together (Cramoll 1, 4) showed a higher hemagglutinating activity (HA) when compared with the isolated Cramoll 1 and Cramoll 4 as well as Con A. These lectin preparations (Cramoll 1, Cramoll 4, and Cramoll 1, 4) are inhibited by different carbohydrates (D-glucose, D-mannose, *α*-D-methyl-mannoside, and D-fructose, among others) in distinct concentrations. Cramoll 1, 4 and Cramoll 1 were successfully used in different biological assays as well as in structural and electrochemical studies \[[@B15]--[@B21]\].

The NMR analysis of ZAG-12L used in this work revealed a spectrum profile corresponding to the fructose residues protons. ^1^H NMR spectrum shows seven protons between 3.4 and 4.2 ppm indicating that the polysaccharide produced by *Z. mobilis* was levan type with the linkage of (2 → 6) fructofuranoside ([Figure 1](#fig1){ref-type="fig"}). No signals in the anomeric region (5.3 to 4.3 ppm) were found, confirming the absence of anomeric protons. The simplicity of the spectrum reflects that this polysaccharide is a homopolymer of fructose. Levans from *Erwinia herbicola* \[[@B22]\], *Acetobacter xylinum* \[[@B23]\], and *Bacillus subtilis* (Natto) \[[@B24]\] showed the same structural characteristics analyzed by NMR.

HAI of Cramoll 1, Cramoll 1, 4, Cramoll 3, and Con A by fructose and levan revealed that all lectins presented HA inhibited by fructose and its polymeric derivative ([Table 1](#tab1){ref-type="table"}). However, inhibition of Cramoll 1, 4 activity by the commercially acquired levan was less intensive. Previous studies of this preparation specificity using different monosaccharides showed that D-fructose inhibited Cramoll 1, 4 HA at the same D-mannose proportion \[[@B10]\]. Mo et al. \[[@B25]\] reported that Con A did bind to D-fructofuranosyl groups present in plant and microorganism levans whereas banana (*Musa acuminate*) lectin reacted only with microorganism levans. It is important to observe that banana lectin and Con A (structurally similar to Cramoll 1) are both glucose/mannose specific.

The inhibition of lectins by levans suggested that magnetized levan could be potentially used as an affinity matrix to investigate or purify lectins that recognize fructose. [Figure 2](#fig2){ref-type="fig"} shows the Con A elution profile by using particles of ferromagnetic levan composite (FMZAG-12L). Proteins unspecifically bound to the particles were completely washed out with 0.15 M NaCl from the 1st to the 8th washes (8 mL) and a second peak emerged after 0.3 M glucose addition at the 10-11th fractions. It is worthwhile to draw attention to the fact that equal profile was attained four times indicating its reproducibility and the reuse of the particles. [Figure 3(a)](#fig3){ref-type="fig"} represents Cramoll 1, 4 capacity to complex to FMZAG-12L. This preparation containing both lectin isoforms was previously purified from *C. mollis* seed extract by ammonium sulfate fractionation and affinity chromatography in Sephadex G-75 \[[@B10]\]. The particles washed with 0.15 M NaCl again showed that from the 1st to 8th fraction (8 mL of washes) all unspecifically bound proteins were removed and a second peak emerged after 0.3 M glucose introduction. Similar to Con A purification this procedure was four times reproduced using the same FMZAG-12L. The protein peak eluted at the 14th fraction showed two bands (Cramoll 1 and Cramoll 4) by polyacrylamide electrophoresis to basic and native proteins ([Figure 3(b)](#fig3){ref-type="fig"}) similar to previously reported pattern \[[@B10]\]. None specific binding to FMZAG-12L was detected when Cramoll 3 was used (data not shown). Recently, the importance of protein-protein interaction has been pointed out in certain oligomeric lectins since differences among their quaternary organizations appear to be directly related to those among their functions \[[@B26]\]. Lectin binding sites have been deeply characterized by many workers to understand carbohydrate interaction of these versatile proteins \[[@B27]--[@B29]\].

The evaluation of FMZAG-12L to purify Cramoll lectins from F40--60 preparation is presented in [Figure 4(a)](#fig4){ref-type="fig"}. Three different concentrations of the ammonium sulfate preparation per 10 mg of FMZAG-12L were used: 1.8 mg/mg, 1 mg/mg, and 0.5 mg/mg of protein/mg magnetic particles. All concentrations showed a second protein peak (9th-10th fractions) eluted by 0.3 M glucose addition at the 8th washing with 0.15 M NaCl. The polyacrylamide gel electrophoresis to basic and native proteins of the fraction (10th) collected from the 10 mg F40--60 purification showed only Cramoll 1 protein band ([Figure 4(b)](#fig4){ref-type="fig"}). Furthermore, the pure lectin Cramoll 1 showed HA of 256 and was inhibited by all levans ([Table 1](#tab1){ref-type="table"}). The purification of this lectin is relevant due to its several applications such as neoplastic tissue marker. Cramoll 1 showed a higher intensity of staining to transformed tissues than normal ones \[[@B30]\]: also, encapsulation of Cramoll 1 into liposomes produced an improvement in its in vivo antitumor activity against Sarcoma 180 compared with free Cramoll 1 solution \[[@B19]\]. The lectin purification using only the ferromagnetic particles, namely, absent of levan, did not show any protein peak after 0.3 M glucose addition (control). It is interesting to notice that Cramoll 4 was collected when a purified preparation was incubated with the FMZAG-12L ([Figure 3(b)](#fig3){ref-type="fig"}) but it was not obtained when a lesser purified preparation (F40--60) was used ([Figure 4(b)](#fig4){ref-type="fig"}). Probably, higher amounts of Cramoll 1 than Cramoll 4 in preparation F40--60 and/or different binding constant values for the magnetic levan-lectin can justify these discrepancies.

Furthermore, the ferromagnetic composite of levan is synthesized by a simple and inexpensive method. Cramoll 1 was purified by this fast two-step procedure (ammonium sulfate fractionation and FMZAG-12L affinity binding) instead of the laborious and time consuming three-step protocol previously described \[[@B10]\]. Finally, it is important to investigate if other polysaccharides could replace the levan in the composite synthesis and be used to lectin purification.
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![^1^H NMR spectra of levan from *Zymomonas mobillis* (ZAG-12L). The spectrum was recorded at 60°C for sample in D~2~O solution. The table shows the chemical shift.](JBB2009-179106.001){#fig1}

![*Affinity binding of Con A on FMZAG-12L*. An amount of 1.5 mg of Con A was incubated with the magnetic particles and firstly eluted with buffer and glucose afterwards (arrow). Fractions (1 mL) were collected and their absorbance at 280 nm established. Each bar represents the mean ± SD of four experiments using the same FMZAG-12L particles.](JBB2009-179106.002){#fig2}

![*Affinity binding of Cramoll 1, 4 on FMZAG-12L*. An amount of 1.5 mg of Cramoll 1, 4 was incubated with the magnetic particles and eluted with buffer and glucose afterwards (arrow). (a) Fractions (1 mL) were collected and their absorbance at 280 nm established (a). Each bar represents the mean ± SD of four experiments using the same FMZAG-12L particles. (b) Electrophoresis to native and basic protein (100 *μ*g) from the 14th and 15th fractions, stained with Amido Black.](JBB2009-179106.003){#fig3}

![*Affinity binding of F40--60 on FMZAG-12L*. Aliquots of 18 mg (■), 10 mg (•) and 5 mg (∘) were incubated with the magnetic particles and eluted with buffer and glucose (arrow). (a) Fractions (1 mL) were collected and their absorbance at 280 nm measured (a). Each bar represents the mean ± SD of four experiments using the same FMZAG-12L particles when 10 mg of F40--60 were used. (b) Electrophoresis to native and basic protein (100 *μ*g) from the 10 mg protein F40--60 profile of the 10th and 11th fractions was stained with Amido Black.](JBB2009-179106.004){#fig4}

###### 

Hemagglutinating activity inhibition of Cramoll 1, Cramoll 1, 4, Cramoll 3, and Con A by fructose and levans.

  ----------------------- ------------------------ ----------- ----------- -------
                          Reciprocal titers (HA)                           
  Carbohydrate (200 mM)   Cramoll 1, 4             Cramoll 1   Cramoll 3   Con A
                                                                           
  Absence                 4096                     256         512         2048
  Fructose                2                        2           2           4
  ZAG-12L                 32                       2           0           2
  Levan (Sigma)           1024                     8           8           8
  ----------------------- ------------------------ ----------- ----------- -------

The activity was made with 2.5% (v/v) suspension of glutaraldehyde treated rabbit erythrocytes.

[^1]: Recommended by Elvira Gonzalez De Mejia
